Spectroscopy of nuclei in the mass range A = 76 to A = 130, participating in double beta decay processes are studied in the framework of the self-consistent deformed Hartree-Fock (HF) and angular momentum (J) projection model. Spectra of ground bands have been studied and compared with available experimental results for even-even parent and daughter as well as for intermediate odd-odd nuclei. To test the reliability of the wave functions we have also calculated the reduced E2 transition matrix elements, electric quadrupole moments and magnetic dipole moments for these nuclei. The calculated results are compared with the experimental findings and substantial agreement is achieved.
I. INTRODUCTION
One of the most rarer processes of the nature, the double beta decay has unambiguous importance in explicitly linking nuclear structure aspects with neutrino physics [1] [2] [3] . Nuclear double beta decay is a second order process which involved electroweak decay of two nucleons simultaneously. The two neutrino mode of double beta decay is a second order process and allowed in standard model. It has been detected for nearly a dozen of nuclei [4] .
The correct theoretical description of these observations serves as a test of various nuclear models and also a necessary step to understand the neutrinoless mode. The extraction of information is essentially dependent upon the prediction of Nuclear Transition Matrix Elements (NTMEs) involved in these processes. The difference in the configurations of the nucleons between initial and final states is a major ingredient of the matrix elements. The The most of the nuclei undergoing double beta decay are medium or heavy mass region and all of them are even even type, in which pairing degrees of freedom play an important role. Moreover it has been conjectured that the deformation plays a crucial role in double beta transitions. Hence it is desirable to have a model in which pairing and deformation degrees of freedom treated on equal footing in its formalism. The shell model, which attempts to solve the nuclear many-body problems as exactly as possible, is always being the best choice for model calculations. However, for most of the double beta decaying nuclei the full scale shell model calculations are not feasible and the reliability of theoretical predictions has been hampered by unstabilities in case of BCS+RPA type treatment. For this purpose the angular momentum projected deformed Hartree-Fock (DHF) model is one of the most convenient choices. The DHF formalism, the pairing interaction is taken into account by mixing particle-hole excitations (2p-2h,4p-4h etc) of K = 0 type across the Fermi surfaces over the HF ground state and deformation effects are included in a self-consistent way.
Moreover it has been shown [5] that it is possible to get shell model results with angular momentum projected DHF calculation by mixing only a few intrinsic configurations built by suitable particle-hole excitations across proton and neutron Fermi surfaces.
Here we have used microscopic many-body self consistent model based on deformed
Hartree-Fock procedure and subsequent angular momentum projection technique for a reliable description of the nuclear structure of some medium as well heavy nuclei participating in double beta decay processes in the mass range A = 76 to 130. Since our aim is to study the low-lying spectroscopic properties of the nuclei, we have not incorporated the Coulomb effect in our calculations. The inclusion of Coulomb effect will not change the energy spectra and electromagnetic matrix elements of individual nucleus rather it will change the energy difference between two nuclei.
In the present article we briefly discuss about the theoretical formalism in Section 2.
Section 3 contains the discussion about the results obtained from this paper. The conclusions are finally given in Section 4.
II. DEFORMED HARTREE-FOCK AND ANGULAR MOMENTUM (J) PROJEC-TION METHOD
In this section we present briefly the model used for the microscopic calculations. More details can be found in Refs. [6] [7] [8] [9] . Our model consists of self-consistent deformed HartreeFock mean field obtained with a Surface Delta residual interaction and subsequent Angular momentum projection to obtain states with good angular momentum.
The axially deformed states |ηm are expanded in the spherical basis states as follows:
where j is the angular momentum of the spherical single particle state and m its projection on symmetry axis. The mixing amplitude C jm are obtained by solving deformed Hartree-Fock equations in an iterative process. When the convergence in the HF solutions is obtained we get deformed single particle orbits. The residual interaction is also included self-consistently and it causes the mixing of single-particle orbits of nucleons.
Because of mixing in single particle orbits, the HF configurations |φ K are superposition of states of good angular momentum. The states of good angular momentum can be extracted by means of projection operator [10] = 1 2
where the tensor operator T L denotes electromagnetic operators of multipolarity L.
In general, two states |ψ
projected from two intrinsic configurations |φ K 1 and |φ K 2 are not orthogonal to each other even if the intrinsic states |φ K 1 and |φ K 2 are orthogonal. We orthonormalise them using following equation
where the summation is for quadrupole moment operators of protons and neutrons.
The gyromagnetic factor (g-factor) of state J is defined as
where µ(J) is the magnetic moment of state J. The magnetic dipole moment (µ) of a state with angular momentum J can be expressed as
where i=p and n for protons and neutrons respectively. where g l and g s are orbital and spin g-factor respectively. The g-factors of g l = 1.0µ N and g s = 5.586 × 0.5µ N for protons and g l = 0µ N and g s = −3.826 ×0.5µ N for neutrons are used for the calculations. The quenching of spin g-factors by 0.75 is taken in account to consider the core polarization effect [11, 12] .
III. RESULTS AND DISCUSSION
The deformed HF orbits are calculated with a spherical core of 56 Ni, the model space spans the 1p 3/2 , 0f 5/2 , 1p 1/2 , 0g 9/2 , 0d 5/2 , 0g 7/2 , 0d 3/2 , 2s 1/2 and 0h 11/2 orbits both for protons neutrons with single particle energies 0.0, 0. MeV respectively. We use a surface delta interaction [13] ( with interaction strength ∼0.36
for p − p, p − n and n − n interactions) as the residual interaction among the active nucleons in these orbits.
Deformed Hartree-Fock and Angular Momentum Projection calculations are performed for some medium-heavy nuclei with mass number A = 76 to A = 130. In our model we can calculate the energy spectra and other electromagnetic moments for even-even parents and daughter as well as odd-odd intermediate nuclei. This is an interesting feature of our model.
In contrast to PSM where a large number of configurations is needed to understand low-lying yrast spectra, it is found that angular momentum projection (AMP) from a few low-lying configurations can reasonably reproduces the yrast-spectra. Sometimes the AMP from single K configuration gives fairly good description of yrast structure. This is due to fact that the residual interaction is included self-consistently in the HF calculations, so that the HF configurations and various particle-hole configurations built on HF solutions are already closer to the solutions obtained from full many body Schrödinger equations.
The Hartree-Fock solutions for the parent, intermediate and daughter nuclei are given in Table I . The values of intrinsic quadrupole moments(Q 20 ) are given both for proton and neutron in unit of harmonic oscillator length parameter, b (= 0.9A 1/3 + 0.7fm). In Fig. 1 The energy spectra of 82 Se, 82 Br and 82 Kr are shown in Fig. 2 . The angular momentum projection results considering the prolate solutions of 82 Se and 82 Br are shown in Fig. 2(a) and Fig. 2(b) . In case of 82 Kr, the prolate and oblate solutions are degenerate. So for this nucleus we have performed the shape-mixing calculation by mixing the prolate and oblate configurations. The shape-mixing calculation reasonably reproduces the low lying spectra for 82 Kr as can be seen in Fig. 2(c) . Fig. 3 . A fairly good agreement between theoretical and experimental spectra is obtained for them.
The nucleus 116 Cd exhibits a complex structure as it has active protons near Z = 50
shell closure and active neutrons near the neutron midshell. Our self-consistent calculations reproduce the band structure quit well. The compression in the ground band near J = 8 is occurring due to the crossing of 2-proton excitation bands across Z = 50 shell. Apart from the ground band we have calculated two excited K = 0 + bands compared with experimental results in Fig. 4(a) . Similarly we have calculated the ground band for the daughter nucleus 116 Sn and shown in Fig. 4(b) .
In Fig. 5(a) The nuclei 78 Kr, 96 Ru and 106 Cd are the most promising nuclei among six which can decay through all three possible channels of positron double beta decay. In our present study we have considered these double beta decay nuclei to study the low-lying spectroscopy properties.
For 78 Kr, the energy spectra are shown in Fig. 7(a) . Apart from the ground band we have shown the excited K = 2 + band. The signature effect is observed in this band due [20] to the rotational alignment of νg 9/2 . Similarly for 78 Se nucleus, the ground and excited K = 2 + bands are shown in Fig. 7(b) . For the K = 2 + band the signature inversion is observed as a result of band crossing between νf 5/2 νg 9/2 decoupled band with K = 2 + and K = 1 + . In these nuclei the rotational behaviour of the ground band reproduces quite well except the 2 + → 0 + separation. This is probably due to the fact that in our formalism the pairing is not included explicitly which may be important in these nuclei.
In Figs. 8 [22]
B. Electromagnetic Properties
We have calculated the reduced transition moments, quadrupole moments and magnetic dipole moments. These values are presented in Tables II and III. In Table II better reproduced by taking e f f = 0.5 where as for the nuclei above this mass range the values those are calculated with e f f = 0.6 are more close to the experimental results.
The calculated quadrupole moments are given in columns 3-5 of tive charge e p = 1 + e ef f and e n = e ef f . 
IV. CONCLUSION
To summarize, we have quantified the calculated deformed Hartree-Fock wave functions by comparing the calculated values with experimental data for a number of nuclear properties like band spectra, reduced E2 transition matrix elements, quadrupole moments and magnetic dipole moments of nuclei involved in double beta decay processes. A reasonable agreement between calculated and experimentally observed quantities make us confident about the reliability of the deformed few body wave functions obtained in our microscopic self-consistent calculations. These wave functions will further be employed for nuclear transition matrix elements calculations of double beta decay transitions.
